Morphological traits including leaf, nut and burr dimensions were measured in chestnut stands in Fonsagrada (Galicia, north-west Spain). A total of 5760 data (720 measurements of eight variables) from 72 chestnuts belonging to the three main cultivars growing in the area ( Lemos , Parede and Portuguesa ) were available for analysis. Two discriminant linear rules/models for classifying chestnut specimens as one of the three cultivars were developed. The models differed in terms of the sampling effort involved -the ' full ' model included all the analysed variables (leaf-, nut-and burr-related variables) and the ' leaf and nut ' model included only variables related to leaves and nuts. The full model performed best and correctly classifi ed 79 per cent of the Lemos , 96 per cent of the Parede and 100 per cent of the Portuguesa cultivars, according to the results of the cross-validation method used to assess the misclassifi ed cultivars. High accuracy was also achieved with the leaf and nut model, with only a slight increase in misclassifi cation compared with the full model. Therefore, when time consumption is an important concern for users, the leaf and nut model is recommended as a good compromise between accuracy and sampling effort.
Introduction
According to palynological studies ( Camus, 1929 ) , there is evidence of the presence of chestnut ( Castanea sativa Mill.) in Spain as early as the Cenozoic period. Nevertheless, cultivation of this species was introduced by the Romans, along with the cultivation of grapes ( BrunetonGovernatori, 1984 ) . During this period, domestication of chestnut, using grafting methods to establish new orchards, was widespread throughout the north of Spain and other areas of Europe where the species was present ( Columela, 1979 ; Bruneton-Governatori, 1984 ; Pereira-Lorenzo and Fernández-López, 1997b ) . During the Middle Ages, monks continued to expand chestnut plantations because of the importance of chestnut as a source of food and of timber for construction ( Bouhier, 1979 ; Pereira Lorenzo et al. , 1997a; Conedera et al. , 2004 ) .
At present in Galicia, chestnut trees occur in two main types of stands: wild and domesticated, occupying a total surface area of 45 518 ha ( Xunta de Galicia, 2001 ). The fi rst type of stand is mixed forest, including English oak ( Quercus robur L.) and birch ( Betula alba L.), in which chestnut is rarely the dominant tree species; these stands sometimes include other species such as Prunus avium L. or Acer pseudoplatanus L. Domesticated forests are characterized by chestnut cultivars grafted on seedlings of C. sativa , which are pruned to form a trunk of 1.5 -3 m (or higher), to avoid damage by wild and domestic animals. At present, most of the surface area covered by chestnut in Galicia comprises this type of forest. However, many of the chestnut orchards in hilly areas have been abandoned because of rural depopulation, and are now slowly reverting back to wild-type populations ( Fernández-López and Alía, 2003 ) . These are becoming very important in ecological terms as example sites for wildlife.
A total of 143 different cultivar names have been listed for Galicia ( Fernández-López and Pereira-Lorenzo, 1993 ) , and cluster analysis of morphological and isoenzyme traits has been used to group the cultivars into eight homogeneous classes ( Pereira-Lorenzo et al. , 1996a , b ) . Nevertheless, no information about morphological characters at cultivar level is yet available.
Within the north-east of Galicia, Lemos , Parede and Portuguesa are the most important cultivars. These cultivars are widespread because of their good nut quality and high productive rates. The Lemos and Portuguesa cultivars produce larger nuts than Parede ; however, Parede has become more highly appreciated because of the valuable organoleptic properties of its nut and also because it can produce high-quality wood ( Vieitez Cortizo et al. , 1996 ; PereiraLorenzo et al. , 1997a ) . The stands of any of these cultivars can be used for both nut and timber production when the grafted site is located higher than 2 m from ground level. Parede can also produce straight branches of more than 8-to 10-m length above the site of grafting. These branches are usually cut after 30 years and used for sawtimber or as beams for rural building construction ( Bouhier, 1979 ; Fernández-López, 1984 ; Pereira-Lorenzo and Fernández-López, 1997b ) . The good timber and nut production of this cultivar has resulted in it being widely distributed in north-west Spain, and it is also presently one of the most important cultivars in the rest of Spain ( Pereira-Lorenzo et al. , 2001 ) .
The different dates for nut ripening and productivity among the cultivars guarantees supplies during long periods and is an important factor that accounts for the use of several cultivars in one area ( Fernández-López et al. , 2000 ) . Lemos and Portuguesa ripen at the beginning of October, whereas Parede usually ripens between the middle and the end of October. This long ripening period among the three cultivars guarantees a supply of nuts for more than 1 month.
Knowledge about the best cultivars for nut and/or timber production and their classifi cation is of primary importance in being able to supply homogeneous high-quality raw material. This information would also be very useful in decision making about which cultivar is the most appropriate in new plantations ( Pereira-Lorenzo and Fernández-López, 1997a ) .
The aims of the present study were to determine whether there exist differences among the three main cultivars in the north-east of the province of Lugo, by using tree morphological characters that are easily measured during the ripening period, and also to develop a method of classifying the chestnuts into one of the cultivars on the basis of the variables measured. Practical methods of classifying cultivars will reduce the potential loss of information following movement or retirement of experienced fi eld staff and farmers/ foresters.
Materials and methods

Dataset
A survey was carried out to fi nd out which are the main grafted cultivars used in the most important chestnut stands (larger than 10 ha) in Fonsagrada (north-east of Galicia) ( Figure 1 ) . A total of 32 commercial orchard stands were selected. The trees in the stands were classifi ed into cultivars using morphological traits ( Pereira-Lorenzo and Fernández-López, 1997a ) , and were later checked with the help of experienced farmers/foresters.
The Lemos , Parede and Portuguesa cultivars were found in almost 80 per cent of the stands. These cultivars represent ~ 70 per cent of the total surface covered by domesticated chestnut stands in Fonsagrada. Two stands, which contained only these cultivars and which were 10 km apart, oriented differently (north and south) and at different altitudes (450 and 650 m a.s.l.), were selected for study. These stands represent extreme conditions in the region in terms of altitude and orientation and account for a wide range of environmental conditions. One experimental plot of 1 ha in size was installed in each stand to ensure the inclusion of environmental variability.
Morphological traits that were easy to measure in the ripening period and that best showed differences among the cultivars were identifi ed. This was accomplished by referring to the study of Pereira-Lorenzo and Fernández-López (1997a) , which provides a list of the main morphological traits of the Galician chestnut cultivars. Leaf-, nut-and burr-related variables showed important differences and were therefore considered for use.
Thirty-six trees (12 of each cultivar) were randomly selected in each plot (72 trees in total). Ten leaves, 10 burrs and the largest nut of each of these burrs were randomly gathered from each tree using a lopping shear. The samples were taken from throughout the whole crown of each tree to include within-tree variability.
The measured variables relating to leaf dimensions were leaf length, leaf width and leaf stalk length. Variables relating to the largest nut of each chestnut burr were nut length, nut width and nut thickness. Variables relating to burr dimensions were burr height and burr largest width. The measurements were made in each tree element as shown in Figure 2 . The leaves were measured to within 1 mm using a ruler, and the nut and burr dimensions were measured using dial callipers of 0.25-mm precision. Summary statistics for the dataset are shown in Table 1 .
Statistical methods
Multivariate analysis was used to examine possible differences among the three main cultivars on the basis of tree morphological characters, and to develop a method for classifying the chestnuts as particular cultivars. The technique used was discriminant analysis, which focuses on separating distinct sets of observations into two or more groups and then allocating those observations not readily known to belong to any particular group into one of these groups ( Khattree and Naik, 2000 ) . The technique essentially consists of fi nding a classifi cation rule that maximizes the ratio of the between-group variance to the within-group variance. When the distribution within each group is assumed to be multivariate normal, a parametric method can be used to develop a discriminant function. The discriminant function, also known as a classifi cation criterion, is determined by a measure of generalized squared distance ( Rao, 1973 ) . The classifi cation criterion can be based on either the individual within-group covariance matrices (yielding a quadratic function) or the pooled covariance matrix (yielding a linear function); it also takes into account the prior probabilities of the groups. Each observation is placed in the class from which it has the smallest generalized squared distance ( SAS Institute Inc., 2004 ) .
Discriminant analysis should only be performed if the means of the populations are found to be statistically signifi cantly different. The multivariate analysis of variance (MANOVA) option of the DISCRIM procedure ( SAS Institute Inc., 2004 ) was used to test the equality of means.
Multivariate normality was tested by Mardia's multivariate skewness and kurtosis statistics, provided by Khattree and Naik (1999) , using the %MULTNORM macro of the SAS software ( SAS Institute Inc., 2005 ) .
The assumption of the common covariance matrix was tested using the likelihood ratio test, by specifying POOL=TEST in the DISCRIM procedure of SAS/STAT ( SAS Institute Inc., 2004 ).
Three models were developed on the basis of the real sampling effort of the different variables:
(1) a model that included leaf, nut and burr dimension variables ( ' full ' model); (2) a model that included leaf and nut dimension variables ( ' leaf and nut ' model); and (3) a model that included only leaf dimension variables ( ' leaf ' model). The three models were developed with the DISCRIM procedure of SAS/STAT ( SAS Institute Inc., 2004 ) .
Because the quality of fi t does not necessarily refl ect the quality of prediction, assessment of the misclassifi cation rate of the discriminant function with an independent dataset would be most desirable ( Myers, 1990 ; Huang et al. , 2003 ; Kozak and Kozak, 2003 ) . Due to the scarcity of such data, we adopted the ' leaving-oneout-method ' or cross-validation approach. This consists of leaving one observation out and Max. = maximum; Min. = minimum; LL = leaf length; LW = leaf width; SL = leaf stalk length; NL = nut length; NW = nut width; NT = nut thickness; BH = burr height; BW = burr largest width.
constructing a discriminant rule for the rest of the data. This rule is used to classify the observation that is left out. The procedure is then repeated for every observation, and fi nally the number of misclassifi ed observations for each population is counted and the individual error rates are computed as the respective proportions ( Khattree and Naik, 2000 ) . The performance of the discriminant functions in the data was evaluated by means of error rates (probabilities of misclassifi cation) of the cross-validation approach with the DISCRIM procedure of SAS/ STAT ( SAS Institute Inc., 2004 ). Since one observation is more likely to come from one population than the other, we assumed that there is a certain pre-specifi ed prior probability π t for an observation coming from the t th population. Thus, certain misclassifi cations may be less desirable than others and hence there may also be a cost component that must be taken into account when constructing the discriminant function. Prior probabilities were assumed to be 0.30, 0.50 and 0.20 for the Lemos , Parede and Portuguesa chestnut cultivars, respectively (of course, π Lemos + π Parede + π Portuguesa = 1), according to Álvarez-Álvarez (1996) .
Results and discussion
Comparison of the mean values of the variables measured in the present study ( Table 1 ) with those reported in the study of Pereira-Lorenzo and Fernández-López (1997a) , in which Galician chestnut cultivars were characterized, revealed differences relating to leaf dimensions of the Parede cultivar. These differences may be due to the intra-cultivar variability caused by environmental conditions or the use of the same denomination for similar cultivars ( Elorrieta, 1949 ; Fernández-López and Pereira-Lorenzo, 1993 ; Vieitez Cortizo et al. , 1996 ; Berrocal et al. , 1998 ) . Although genetic effects are expected to be more important than location effects ( Pereira-Lorenzo et al. , 1996a ) , the occurrence of slight intracultivar variations in morphological traits associated with different environmental conditions suggests that studies aimed at distinguishing cultivars should be limited to local zones with homogeneous environmental conditions. The value of the exact F -statistic, corresponding to the Wilks' lambda for the hypothesis of equality of means, was 0.0934 ( P < 0.0001). In view of the very low P -value, the hypothesis was rejected, i.e. it was assumed that the population means were different.
The results of the formal tests of Mardia's skewness and kurtosis statistics led us to accept the hypothesis of multivariate normality for the three chestnut cultivars ( P -values for skewness were 0.5856, 0.0720 and 0.4270 and for kurtosis 0.1234, 0.5249 and 0.1483, respectively, for Lemos , Parede and Portuguesa cultivars).
Since the chi-square value (157.2) of the test for the common covariance matrix was significant at the 0.1 level ( P < 0.0001), the covariance matrices of the three populations were assumed to be unequal, i.e. the within-covariance matrices should be used in the discriminant function. The quadratic rule for classifying a new individual as one of the three cultivars should be the optimal solution and was therefore the fi rst option that we tried. Additionally, because of its easiness, the linear rule was also tested. Table 2 shows the results of the two approaches, both for fi tting and for cross-validation. The quadratic rule provided slightly better results than the linear rule for fi tting, but the reverse was true for crossvalidation. Since cross-validation provides more precise information about how to allocate a new observation into the three cultivar groups, the linear rule seemed to be less affected by the data sample. Similar results were obtained for the full, leaf and nut and leaf models. Another advantage of the linear rule is that it is simpler to apply than the quadratic rule, which requires the use of many more parameters. The differences among groups can be observed in the canonical plot, which includes the two canonical functions that best separate the groups on the X -and Y -axes ( Figure 3 ) .
Hereafter, we focus on the cross-validation phase results obtained with the linear rule. The full model correctly classifi ed 79, 96 and 100 per cent of the Lemos , Parede and Potuguesa chestnut cultivars, respectively. The leaf and nut model correctly classifi ed 71, 92 and 100 per cent of the Lemos , Parede and Portuguesa chestnut cultivars, respectively. The leaf model correctly classifi ed 50, 79 and 100 per cent of the Lemos , Parede and Portuguesa chestnut cultivars, respectively.
The full and the leaf and nut models therefore provided similar results in the classifi cation of the three chestnut cultivars, while the leaf model provided poorer results, especially in classifi cation of the Lemos cultivar, which was usually classifi ed as Parede . This can be explained because of the differences in nut dimensions in the Lemos and Parede cultivars, which must be included in the discriminant model for better distinction between the two cultivars. The results suggest that separation of the three cultivars is possible, with moderate reliability, using morphological characters relating to leaves, nuts and burrs as indicators. Similar results were obtained by Oraguzie et al. (1998) and Kim et al. (2004) . These results are also consistent with those of Fernández-López and Pereira-Lorenzo (1993) and Ramos-Cabrer et al. (2003) , who, respectively, characterized chestnut cultivars in Galicia and in Castilla-León and found important differences in morphological traits related to leaves, nuts and burrs in the cultivars.
In summary, although the full model provided slightly better results in classifying the cultivars than the leaf and nut model, the former makes use of variables relating to burr dimensions, which are more diffi cult to obtain than leaf and nut variables. The misclassifi cation rate with the leaf and nut model was 8 and 4 per cent higher for Lemos and Parede cultivars, respectively, than with the full model. The parameter estimates of the linear discriminant functions for the three chestnut cultivars and the full and leaf and nut models are shown in Table 3 .
The linear rule for allocating a new chestnut tree into one of the three cultivars, depending on the variables available, requires the calculation of equation (1) for each group:
where D i is the discriminant score computed for the i group, X i , … ,X p are the predictor variables and b i 0 , … ,b ip are the parameter estimates of the function for the i group ( Table 3 ). An observation is assigned to the group with maximum value of D i . Finally, a sensitivity analysis was carried out to determine the appropriate number of elements that must be measured within each tree to obtain appropriate rates of classifi cation. For this, different numbers of elements within each tree were selected at random for inclusion in the discriminant analysis. The mean values of seven measurements could be used as independent variables to classify a new individual into one group without diminishing the accuracy ( Figure 4 ) . Moreover, fi ve measurements appear to be suffi cient for practical purposes, assuming a slight increase in misclassifi cation of the Portuguesa cultivar.
Although there are many stands in which only the three cultivars considered in this study occur, other less common cultivars, such as Galega , Loura and Marela , may also be present and operational models should therefore include them.
The aptitude of each cultivar for nut and/or timber production has already been described ( Pereira-Lorenzo and Fernández-López, 1997a ) . Therefore, the correct identifi cation of the cultivars -for which the classifi cation rules are very useful -is necessary for (1) applying the most suitable cultural treatments to the orchards, (2) conserving genetic resources, (3) medium-and long-term planning, (4) providing suitable propagation materials to growers and (5) supplying homogeneous nut production for transforming chestnut industries.
Conclusions
The results obtained in the present study suggest that it is possible to distinguish local chestnut cultivars in a region, with moderate reliability, by using morphological traits relating to leaf and nut dimensions as predictor variables. Chestnut burr dimensions included in the full model provided a slight additional discriminatory power to that provided by the leaf and nut model. If time consumption is an important concern in the survey, the leaf and nut model is recommended.
Sensitivity analysis showed that seven, or even fi ve, randomly collected leaves and nuts from a tree were suffi cient for application of the linear classifi cation method. However, other morphological traits not used in this study, for example catkin variables, may be also used in classifi cation because they are not highly affected by environmental variables ( Fernández-López et al. , 2000 ) . The present results provide a starting point for further studies, which must be carried out to develop operative models for different areas, to allow identifi cation of major chestnut cultivars throughout Galicia. This requires determination of other morphological traits that differ among cultivars in particular areas, and can be accomplished by referring to the study of Pereira-Lorenzo and Fernández-López (1997a) . Although quantitative variables are key components for discriminating cultivars, these can be used together with some qualitative variables to improve or compare the results. For example, crown shape often differs among cultivars, as with the three cultivars used in the present study, and we therefore recommend taking into account this qualitative variable along with the discriminant functions. 
